Lake Murten is located in the Lake District in western Switzerland and so far, it has been poorly investigated. The Environmental Service of Fribourg (SEn) has monitored this lake once a month for several years by water profiles (water temperature, pH, dissolved oxygen, conductivity) at its deepest part. The SEn identified the stratification of water masses as one of the main causes for oxygen consumption in the hypolimnion. In the present study, a Lander System was deployed in Lake Murten from April to September 2015 at 20 m depth at the northwestern part of the lake to monitor water temperature and dissolved oxygen at higher resolution (30 s interval). These records were compared with time series of atmospheric parameters like atmospheric temperature, wind speed and precipitation. A clear correlation of lake temperatures with wind speed was observed during the Spring and Autumn. The water mass stratification evolved through the season and reached its peak during Summer, preventing surface turbulences to reach the deeper part (20 m) of the water column and to partially oxygenate the metalimnion.
Introduction
Thermal vertical water mass stratification is a well-known process in lakes. Atmospheric conditions, especially atmospheric temperature have a direct impact on water masses and their stratification. High air temperatures and solar radiation warm-up the mixed-surface layer (epilimnion), while the deeper water layer (hypolimnion) remains cold (Monismith and MacIntyre 2009) . The thermal expansion of water has a strong effect on the water mass stratification creating a vertical density gradient (Read et al. 2011) . Water stratification along a vertical profile prevents the mixing of water masses and limits oxygen diffusion from the atmosphere to the hypolimnion (Wetzel 1983 ) which creates an oxygen-depleted zone that affects the fish community in a negative way (Hecky et al. 1994) . Technical developments like so-called aerators placed at the lake bottom (Lackey 1972 ) were installed to reduce or prevent the natural oxygen depletion of the hypolimnion.
Wind-generated surface waves produce turbulences in the mixed surface layer and generate vertical current (Monismith and MacIntyre 2009) . Many studies on wind action were performed to determine their effect on mixing and stratification of the water masses (Sarraf et al. 1988) , however, the main approach used is based on numerical models (e.g. Sarraf et al. 1988; Podsetchine and Schernewski 1999; Hodges et al. 2000; Botte and Kay 2002; Koçyigit and Falconer 2004) predicting the water mass behaviour along a lake transect (cross section). Predicting wind-induced behaviour of water masses in lakes is not straightforward because of (1) the transfer of energy and momentum at the interface of two media where a large density gradient occurs. (2) The substantial variation and reversal of the vertical component of the velocity produced by the wind action. (3) Temporal changes in horizontal amplitude and direction (Sarraf et al. 1988) .
High resolution monitoring data of water temperature and dissolved oxygen were collected from April to September 2015 at 20 m depth in Lake Murten. This dataset is compared to atmospheric parameters (e.g. atmospheric temperature, wind speed, atmospheric pressure, and precipitation) to better understand the wind impact on Lake Murten and the seasonal variations of water mass stratification documented by the SEn (Environmental Service of Fribourg).
Study site
Lake Murten is a relatively small lake compared to e.g. Lake Léman, Lake Neuchâtel, and Lake Lucerne, located in the western part of Switzerland (Fig. 1) . Its total surface is about 22.8 km 2 with a length of 8.15 km and a width of 2.8 km. The maximal water depth reaches 45.5 m whereas the mean depth is 23.3 m (Reymond and Straub 1993) .
Based on the revised classification of Lewis Jr (1983), Lake Murten is a warm monomictic lake having no seasonal ice cover, a stable stratification throughout the year with winter mixing occurring once a year. This characteristic has a major impact on the dissolved oxygen content during the year and therefore, on the distribution of organisms (Bonhomme 2008) . The turnover of water masses in Lake Murten generally occurs in winter between December and January. When the water masses are not stratified, the stress applied by winds blowing on the lake surface allows water mixing and oxygenation of the entire water column (Bonhomme 2008) . Water mass stratification establishes due to higher air temperatures (Boehrer and Schultze 2008) following seasonal cycles. It induces an isolation of the hypolimnion and prevents gas exchanges between the atmosphere and the deeper part of the water column. Biological and/or microbiological processes consume oxygen within the hypolimnion and induce oxygen reservoir depletion.
The SEn investigated Lake Murten for several years. Once a month, the SEn deploys a multiparameter probe for water quality monitoring at the deepest point of the Lake (Fig. 1 ) to obtain profiles of the following parameters: water depth, temperature, electrical conductivity, transparency, pH and dissolved oxygen. Water samples are collected for chemical and biological analyses. The SEn (http://www.die3seen.ch) observed water mass stratifications during Springs (generally May) until the beginning of Winters (December). Water mass stratification set on during March with the formation of the epilimnion within the top five to seven meters of the water column and of the hypolimnion from approximately 20 m depth down to the lake bottom. The difference between surface water temperatures (SWT) and bottom water temperatures (BWT) increases from Spring to Summer (e.g., SWT up to 25°C, BWT at 6°C in August 2015). In September, the water mass stratification starts to change: first SWT decreases, followed by a thickening of the epilimnion reaching a depth of 30 m during December 2015. Due to cold air temperatures, the stratification disappears creating a homothermal water column in January 2016 (http://www. die3seen.ch). 
Multiprobe Lander System
A multi-probe Lander System to measure water parameters (water temperature, pH, dissolved oxygen and electrical conductivity) in shallow water (e.g., marine, lacustrine or riverine) was assembled at the department of Geosciences, University of Fribourg (Switzerland) (Fig. 2) . The Lander System is composed by an aluminium frame including a tripod, which supports all components: a waterproof case with the data logger, an additional waterproof case for the batteries and four sensors (Fig. 2 ).
• The temperature sensor type 107 from Campbell Scientific consists of a thermistor encapsulate in an epoxy-filled aluminium housing, it has an accuracy of ± 0.2°C at a range of -0 to 50°C.
• For conductivity was used the EC250 Electrical conductivity (EC) sensor from Pentair. It has an autonomous temperature sensor, which allows the normalisation of the values at 25°C and delivers accuracy for conductivity at 1% of the full-scale value between 0 and 30°C covering the range 0-70,000 lS/ cm.
• The digital pH sensor CS526 ISFET (Campbell Scientific) operates in up to 70 m water depth with an accuracy of ± 0.1 pH units. Its operating temperature range corresponds to 0-40°C. All pH measurements are temperature compensated.
• The dissolved oxygen sensor CS512 of Campbell Scientific converts electrical current produced by a chemical reaction at the sensors cathode into a millivolt output proportional to the dissolved oxygen value (DO) in water ranging from 0 to 50 mg/L. It operates between 0 and 40°C at a pressure up to 2 bars. Its accuracy is ± 0.2 mg/L.
Two different configurations of the Lander System were used in Lake Murten, one with the data cable attached to the buoy and the other with the data cable and the batteries attached to the buoy. This study focuses on water temperature and dissolved oxygen concentrations from 20 m water depth at the northwestern part of the Lake Murten in front of the village of Mur (Fig. 1 ). The Lander system was deployed at this position because the depth of 20 m corresponds to the transition from the metalimnion to the hypolimnion layers; the steep slopes at the northwestern part of the lake allow to reach 20 m depth close to the shore (Fig. 1) ; the Broye river ( Fig. 1 ) supplies runoff from 63% of the drainage basin into Lake Murten (Liechti 1994) at approximately 2 km SouthWest of the Lander System position.
Data of water parameters were collected from 9th of April to 10th of September 2015 (Fig. 3) the record (15th of April to 23rd of April, 22nd of June to 2nd July and 8th August to 21st of August) represent the periods of the Lander System maintenance (e.g. change of batteries and sensor cleaning). Every 30 s, water temperature and dissolved oxygen was measured and the dataset (Fig. 4 ) was synchronized to atmospheric parameters (e.g. wind speed, precipitation and atmospheric temperature) collected by the Federal Office of Meteorology and Climatology MeteoSwiss at the meteorological station at Payerne (Fig. 1) . Considering gaps in records and the period of measurements, four time intervals are delimited ( 
Fourier, continuous wavelet and cross wavelet transform
Mathematical analysis of the dataset tested our hypothesis on the air-lake interaction based on the first observation of the collected measurements with the Lander System. The discrete Fourier transform (DFT) and cross wavelet transform were performed on water temperature and wind speed data set. Fourier transform was performed using Spectra software 1.13 (Nuhertz) available at http://www.nuhertz.com/soft ware. It allowed to resolve frequencies with highest intensities for both water temperature and wind speed for the intervals T2-T4 (Fig. 5) . Time series analysis was performed using the MatLab wavelet software package (WTC-R17, 02 Sep 2014) of Grinsted et al. (2004) , available at http://noc.ac.uk/marine-data-products/crosswavelet-wavelet-coherence-toolbox-matlab. Prior to analysis, the measurements of temperature and wind speed were reduced to a resolution of 10 min. The cross wavelet transform (XWT) is a useful method for analysing the coherency and phase relationships between two time series (here: water temperature and wind speed) as a function of frequency (Grinsted et al. 2004 ). It creates a figure of cross wavelet power in units of normalized variance. Monte Carlo techniques were used to assess the statistical significance level (5%, thick lines in Fig. 5 ) against a red noise background.
Results
A general increase of daily minimum temperature was observed during the whole record: (1) at the beginning of April 2015, daily minimum water temperature was around 6°C but in September, the water temperature reaches around 7°C. (2) A significant decrease of dissolved oxygen from 13 mg/L in April to less than 3 mg/L in September was observed during the monitoring period (Fig. 3) . In addition to a daily fluctuation of the atmospheric temperature, a general increase is observed between April and July 2015. However, the month of July 2015 is characterised by summer temperature ([ 30°C) with fluctuation at the beginning of August.
The record of water temperatures at 20 m depth shows daily fluctuations with significantly varying amplitudes (Figs. 3, 4) . Highest thermal amplitude of up to 4°C within a few hours was reached at the end of April (28th April 2015). The second half of May was still characterised by high thermal fluctuation, reaching minimum values of DT B 1°C during end of June until end of July. Temperature variations increase again to a value of DT = 3°C in the beginning of August 2015 until the end of the monitoring period.
Dissolved oxygen decreased through the entire record. However, the decreasing rate was discontinuous and irregular, but reached significantly higher rates during April and July (Table 1) , exceeding 0.072 mg/day, whereas it never reached values above 0.049 mg/day during June or August. Daily fluctuations of dissolved oxygen at 20 m water depth were much higher but never exceeding 1 mg/L. Brief events with significant changes in dissolved oxygen were noticed. Indeed, for a few days (2-3 days) the decrease in dissolved oxygen was more pronounced in comparison to the general trend. These events have been recorded during five periods: 7th-8th May; 22nd-23rd May; 7th-10th June; 20th-23rd July; and 1st-3rd August 2015 (Figs. 3, 4) .
Daily fluctuations of the wind speed generally occurred, however, long windy events (2-3 days) have been recorded between the 8th and 10th of June; the 7th and 8th of July: and the 27th and 28th of July 2015 (Fig. 3) . Maximum wind speeds were reached on the 1st of September 2015 (Figs. 3, 4 ) with almost 10 m/s, but generally higher wind speeds occurred during Spring (T2) than during Summer (T3) (Fig. 3) . The precipitation record during the monitoring period indicates one phase of high ([ 2 mm/10 min) and continuous rainfall between the 30th April and 6th May 2015. Several events of more intense rainfall of up to 5 mm/10 min occurred during the 5th and 13th June, as well as on 13th August 2015.
Discrete Fourier transform (DFT) on the water temperature data show higher magnitude for periods equal or higher than 1 day for all three time intervals T2, T3 and T4 (Fig. 5) with slightly lower values for the summer (T3, Fig. 5 ) and highest values in August/September (T4, Fig. 5 ). The DFT on wind speed data shows similar results for all the time intervals and reaches much higher magnitudes for the period of 1 day compared to temperature (Fig. 5) .
The temperature-wind cross wavelet transform (XWT) for the time interval T2 indicates a strong interaction between the wind speed and the water temperature especially between the 22nd and 24th May 2015 (Fig. 5) . The black arrows in the XWT of T2 highlight that water temperature and wind speed are in phase with a slight lead of the wind speed.
Despite the high intensity of wind speed during the time interval T3, the XWT shows only a weak coherency b Fig. 5 Graphical representation of Fourier transform and cross wavelet transform (water temperature and wind speed) for the T2, T3 and T4 time intervals. The thick contour designates the 5% significance level against red noise and the cone of influence (COI) where edge effects might distort the picture is shown as a lighter shade. Phase arrows indicate the relative phase relationship between the series (pointing right: in-phase; left: anti-phase; down: temperature leading wind speed by 90°, up: wind speed leading temperature by 90°) between the phase relation of wind speed and water temperature. Only in the period between 22nd July and 1st August both parameters show a strong relation and are in phase (Fig. 5) . The XWT indicates a strong coherency of the phase relation between temperature and wind speed with a strong lead of the wind speed during time interval T4 (Fig. 5) .
Discussion

Lake stratification and water temperature fluctuation
Thermal variation at the Lander System position was initially related to the proximity of the Broye river inflow (Fig. 1) . However, data processing with wavelet transforms clearly indicate the consistency between the water temperature at 20 m depth and wind speed at the lake surface. Surface turbulence generates mixing at depths depending on water mass stratification. Intense surface turbulences generated by wind reached at least a depth of 20 m. Unfortunately, the data set does not allow the estimation of size and location of this convection cell, one of the several occurring in Lake Murten under the influence of strong winds (e.g., Bise). Based on our data set collected with the Lander System and the water profiles performed by SEn every month, two configurations of water masses in Lake Murten can be described:
1. Low stratification occurring in Spring and Autumn, when the water temperature gradient between the lake surface and bottom is relatively small (Fig. 3) . The wind generates surface turbulence reaching at least the depth of the Lander System. Significant water temperature fluctuations up to 4°C within a few hours have been documented (Fig. 3 ). 2. High stratification occurring in Summer. The water temperature gradient between the lake surface and bottom is very large and reaches * 18°C (Fig. 3) . The correlation between the wind speed and the water temperature at 20 m depth is weak. Wind-related turbulences at the lake surface are not strong enough to reach 20 m of water depth.
Discrete Fourier transform on the wind speed data indicate daily period as the main frequency. Thermal atmospheric amplitude may have an effect on the wind speed in this region of Switzerland, but their frequency and magnitude were relatively constant during the monitoring period, which was not the case for the water temperature. The high stratification of the lake prevented the energy transfer of the wind-induced surface turbulence downwards deeper parts.
The cross wavelet transforms clearly confirm that the wind speed intensity generates thermal fluctuations at 20 m depth. A time lag of 12-20 h has been measured with the wind speed leading the bottom water temperature at 20 m depth. The time lag corresponds to the distance the surface turbulences needs to reach the depth of the Lander System resulting in a speed 1-1.6 m/h. Wind direction is an additional factor, which could influence the formation of the lake surface turbulence. The orientation of the wind direction is constant during the monitoring period with a North-Est to South-West axis (Fig. 6) . However, the wind direction may vary depending to the season: In WinterSpring the main wind direction is from North-East to South-West corresponding to the Bise and in SummerAutumn the wind direction is reverse from South-West to North-East. Thus, a main orientation of the wind direction contributes to increase the stress applied on the lake surface and to amplify the surface turbulence.
Water masses stratification and dissolved oxygen depletion
Atmospheric thermal amplitude between Winter and Summer induce water-mass stratification (Boehrer and Schultze 2008) , which isolates the hypolimnion from the upper part of the water column and due to stratification; the hypolimnion is less influenced by atmospheric condition. The monitoring period (April 2015 -September 2015 at Lake Murten corresponds to times with a water mass stratification and separation of the meta-/hypolimnion from the epilimnion. This directly impacts e.g., the dissolved oxygen. The position of the Lander System at 20 m allows to identify changes in the hypolimnion especially the continuous depletion of dissolved oxygen (Fig. 3) . Isolated from the lake surface no gas exchange with the atmosphere is possible and the planktonic organic material is mineralized and decomposed consuming dissolved oxygen in the hypolimnion (Laboratoire du Service des Eaux, Sols et Assainissement 2011).
The rate of oxygen consumption can also be influenced by biological factors (e.g., planktons, fishes) or microbiological activities (e.g., organic matter mineralisation by microbial activities). During March and April 2015 a significant increase in diatom concentration that may be considered as a bloom compared to the rest of the year occurred (http://www.die3see.ch). Diatoms are able to photosynthesise and are important oxygen producer. The rate of photosynthesis in diatoms depends on e.g., light intensity, water temperature and carbon dioxide concentration (Barker 1935) . At the end of the Spring, lower solar radiation with respect to intensity and duration can affect the balance between oxygen production (photosynthesis) and consumption (respiration) of diatoms. In addition, the flooding event, which mobilized sediments at the beginning of May 2015 probably contributed to a decreased penetration of the solar radiation into the water column and interfered with the photosynthetic activity of diatoms (Kirk 1985) . Diatom bloom events promote the development of consumers and increase the oxygen consumption in the hypolimnion. The bloom event observed during MarchApril 2015 by SEn (http://www.die3seen.ch) may be the reason of the high oxygen depletion in the lake in April 2015 (Table 1) .
The brief events of a significant decrease in dissolved oxygen (Figs. 3, 4) could be linked to biological activities such as the increase of zooplankton densities at a certain water depth followed by an increase of dissolved oxygen consumption. The influence of the moon cycles on the zooplankton density (Maciej Gliwicz 1986), which can impact the dissolved oxygen content cannot be excluded, however further investigation is necessary to confirm this hypothesis. These brief events are followed by abrupt increases in dissolved oxygen and water temperature (Figs. 3, 4) . Surface turbulence generated by the wind oxygenates the metalimnion and contribute to slow down the depletion of dissolved oxygen at 20 m.
Conclusion
For the first time, prolonged high resolution water parameters monitoring performed in Lake Murten. The dataset provides valuable information on surface turbulences generated by winds in the lake. The stratification process in Summer 2015 affected water temperature and dissolved oxygen. Statistical coherence of water temperature at 20 m depth and wind speed allowed us to identify surface turbulence mixing processes. 
